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ABSTRACT
Motivated by the current status of the cosmological observations and significant tensions in the
estimated values of some key parameters assuming the standard ΛCDM model, we propose a simple
but radical phenomenological emergent dark energy model where dark energy has no effective presence
in the past and emerges at the later times. Theoretically, in this phenomenological dark energy model
that has zero degree of freedom (similar to ΛCDM model), one can derive that the equation of state
of dark energy increases from − 23ln 10 − 1 in the past to −1 in the future. We show that setting a
hard cut 2σ lower bound prior for the H0 that associates with 97.72% probability from the recent
local observations (Riess et al. 2019), this model can satisfy different combination of cosmological
observations at low and high redshifts (SNe Ia, BAO, Lyα BAO and CMB) substantially better than
the concordance ΛCDM model with ∆χ2bf ∼ −41.08 and ∆ DIC ∼ −35.38. With hard cut 1σ lower
bound H0 prior associated with 84.13% probability, our proposed phenomenologically emergent dark
energy model can result to ∆χ2bf ∼ −88.5 and ∆ DIC ∼ −94.1 with respect to ΛCDM model and
∆χ2bf ∼ −0.4 and ∆ DIC ∼ −27.5 with respect to w0-wa parameterization. If there is no substantial
systematics in either of SN Ia, BAO or Planck CMB data and assuming reliability of the current
local H0 measurements, there is a very high probability that with slightly more precise measurement
of the Hubble constant our proposed phenomenological model rules out the cosmological constant
with decisive statistical significance and setting itself as a strong alternative to explain combination of
different cosmological observations. This simple phenomenologically emergent dark energy model can
guide theoretically motivated dark energy model building activities.
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1. INTRODUCTION
While current cosmological observations have been in
great agreement with the standard ΛCDM model, there
have been some significant tensions in estimation of
some key cosmological parameters assuming this model.
One of the major tensions has been the inconsistency be-
tween the local measurement of the Hubble constant by
SH0ES collaboration (Riess et al. 2016, 2018, 2019) and
the estimation of this parameter using Planck CMB and
other cosmological observations assuming ΛCDM model
(Ade et al. 2016; Aghanim et al. 2018). Another consid-
erable tension has been in the estimation of the Ωmh
2
0
from the baryon acoustic oscillations measurement at
z = 2.34 from BOSS and eBOSS surveys using Lyα
forest and the estimated values from Planck CMB ob-
servations assuming ΛCDM model (Sahni et al. 2014;
Ding et al. 2015; Zheng et al. 2016; Sola` et al. 2017;
Alam et al. 2017b; Shanks et al. 2018).
Possible resolutions of this problem might be in find-
ing systematics in some of the data, an alternative model
of dark energy which needs to be constructed carefully
to satisfy all observations (and being simple at the same
time) or an unconventional model of the early Universe
(Hazra et al. 2019).
In this paper we propose a simple (zero degree of free-
dom) but radical phenomenological model of dark en-
ergy with symmetrical behavior around the current time
where dark energy and matter densities are comparable.
In this model dark energy has no effective presence in
the past and emerges at later times. Setting hard cut
priors from local measurement of the Hubble constant ,
we confront this model with combination of low and high
redshift cosmological observations, namely SNe Ia data,
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2BAO data (including BAO Lyαmeasurement) and CMB
measurement and show that it can outperform statisti-
cally the standard ΛCDM model as well as the w0-wa
parameterization.
This paper is organised as follows: in section 2 we
briefly introduce the Friedmann equations for our model.
The observational data to be used including SNe Ia,
BAO and distance prior from CMB are presented in
section 3. Section 4 contains our main results and some
discussion. We conclude in section 5.
2. PHENOMENOLOGICALLY EMERGENT DARK
ENERGY MODEL (PEDE)
The Hubble parameter within FLRW metric, assum-
ing flat universe, could be described as:
H2(z) = H20
[
Ωm(1 + z)
3 + ΩDE(z)
]
(1)
where Ωm is the matter density at present time and
ΩDE(z) is Dark energy density as a function of redshift
z, which can be expressed as:
ΩDE(z) = ΩDE,0 × exp
[
3
∫ z
0
1 + w(z′)
1 + z′
dz′
]
(2)
where w(z) = pDE/ρDE is the equation of state of Dark
Energy.
In ΛCDM model, w(z) = −1 and ΩDE(z) = (1 −
Ωm) = constant. For the widely used CPL parame-
terization model (w0-wa model) (Chevallier & Polarski
2001; Linder 2003), the equation of state of dark en-
ergy is given by w(z) = w0 +
waz
1+z so one can derive
ΩDE(z) = ΩDE,0(1 + z)
3(1+w0+wa)exp(−3waz1+z ).
In this paper, we introduce the Phenomenologically
Emergent Dark Energy model in which the dark energy
density has the following form:
ΩDE(z) = ΩDE,0 × [1− tanh (log10(1 + z))] (3)
where ΩDE,0 = 1 − Ω0m and 1 + z = 1/a where a is
the scale factor. This dark energy model has no degree
of freedom (similar to the case of ΛCDM model) and we
can derive its equation of state following:
w(z) =
1
3
d ln ΩDE
dz
(1 + z)− 1 (4)
where we get,
w(z) = − 1
3ln 10
× 1− tanh
2 [log10(1 + z)]
1− tanh [log10 (1 + z)]
− 1 (5)
= − 1
3ln 10
× (1 + tanh [log10 (1 + z)])− 1. (6)
Note that in this model, the equation of state of dark
energy at the early times would be w(z) = − 23ln 10 − 1
10-4 10-3 10-2 10-1 100 101 102 103 104
1 + z
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
Ω
D
E
(z
)/
Ω
T
o
ta
l(
z
=
0)
ΛCDM
PEDE
10-4 10-3 10-2 10-1 100 101 102 103 104
1 + z
1.3
1.2
1.1
1.0
w
(z
) ΛCDM
PEDE
Figure 1. The upper plot shows the evolution of dark en-
ergy density ΩDE(z) from early times to the far future and
the bottom plot presents the evolution of Equation of State
of Dark Energy w(z) for ΛCDM and PEDE models. This
figure is only for demonstrating the behavior of this model
in comparison with cosmological constant and flatness and
Ωm = 0.3 is assumed for both ΛCDM and PEDE models.
and it will evolve asymptotically to w(z) = −1 in the
far future. In this model we have w(z = 0) = − 13ln 10 −1
at the present for the dark energy. In Fig. 1, we can
see the behavior of this dark energy model in com-
parison to Λ. We should note that we can consider
a more generalised form of this emergent dark energy
model introducing one or more degrees of freedom such
as having ΩDE(z) = ΩDE,0 × F (z)F (z=0) with F (z) =
1 − tanh ([log10(1 + z)− zt]) where zt is the transition
redshift (similar models have been discussed in Bassett
3et al. (2002); Shafieloo et al. (2009)), but our results
show that there is no need statistically to introduce an
additional degree of freedom for this model.
3. ANALYSIS
In order to make constraints on the Dark Energy mod-
els we described above, we consider different observa-
tions in our work, including:
(i) Type Ia Supernovae: We use the new ”Pantheon”
sample (Scolnic et al. 2017), which is the largest
combined sample of SN Ia and consists of 1048
data with redshifts in the range 0.01 < z < 2.3.
In order to reduce the impact of calibration sys-
tematics on cosmology, the Pantheon compilation
used cross-calibration of the photometric systems
of all the subsamples used to construct the final
sample.
(ii) Baryonic Acoustic Oscillations: Four lower red-
shift BAO data sets are used: 6-degree Field
Galaxy Survey (6dFGS) (Beutler et al. 2011), the
SDSS Data Release 7 Main Galaxy sample (MGS)
(Ross et al. 2015), the BOSS DR12 galaxies (Alam
et al. 2017a) and the eBOSS DR14 quasars (Zhao
et al. 2018). In addition to these lower BAO
measurement, a higher redshift BAO measurement
which is derived from the cross-correlation of Lyα
absorption and quasars in eBOSS DR14 was also
used (Blomqvist et al. 2019; Agathe et al. 2019).
(iii) Cosmic Microwave Background: We include CMB
into our analysis by using the CMB distance prior,
the acoustic scale la and the shift parameter R
together with the baryon density Ωbh
2. The shift
parameter is defined as
R ≡
√
ΩmH20r(z∗)/c (7)
and the acoustic scale is
la ≡ pir(z∗)/rs(z∗) (8)
where r(z∗) is the comoving distance to the
photon-decoupling epoch z∗. We use the distance
priors from the finally release Planck TT, TE, EE
+low E data in 2018 (Chen et al. 2019), which
makes the uncertainties 40% smaller than those
from Planck TT+low P.
In our analysis, we consider two kinds of data com-
binations: 1) Lower redshift measurements: Pantheon
supernova compilation in combination with lower red-
shift BAO measurements from 6dFGS, MGS, BOSS
DR12 and eBOSS DR14, hereafter we refer as Pan-
theon+BAO. 2) Including higher redshift observations
from Lyα BAO measurements and CMB data, referred
as Pantheon+BAO+Lyα+CMB. In addition to the data
combinations, 2σ and 1σ hard cut H0 priors, based
on local measurement from Riess et al. (2019) H0 =
74.03± 1.42 is used.
When using SNe Ia and BAO as cosmological probes,
we use a conservative prior for Ωbh
2 based on the mea-
surement of D/H by Cooke et al. (2018) and stan-
dard BBN with modelling uncertainties. The con-
straint results are obtained with Markov Chain Monte
Carlo (MCMC) estimation using CosmoMC (Lewis & Bri-
dle 2002). For quantitative comparison between our
proposed model, ΛCDM model and CPL parametri-
sation, we employ the deviance information criterion
(DIC)(Spiegelhalter et al. 2002; Liddle 2007), defined
as
DIC ≡ D(θ¯) + 2pD = D(θ) + pD, (9)
where pD = D(θ) − D(θ¯) and D(θ¯) = −2 lnL + C,
here C is a ’standardizing’ constant depending only on
the data which will vanish from any derived quantity
and D is the deviance of the likelihood. If we define an
effective χ2 as usual by χ2 = −2 lnL, we can write
pD = χ2(θ)− χ2(θ). (10)
We will show that by considering the priors for the
Hubble constant, our proposed model can outperform
both ΛCDM model and w0-wa parameterization by com-
paring their best fit likelihoods as well as their derived
deviance information criterion.
4. RESULTS
We show the results for ΛCDM in Fig. 2, in which
we present the 2-D regions and 1-D marginalized distri-
butions with 1σ and 2σ contours from different data
combinations. Left panel shows the results with No
H0 prior, middle panel and right panel are results with
setting hard cut 2σ H0 prior and 1σ H0 prior, respec-
tively. Fig. 3 shows the results for our PEDE model.
Comparing Fig. 2 and Fig. 3, we can find that PEDE
model pushes the values of both H0 and Ωm toward a
higher direction for Pantheon+BAO data sets when No
H0 prior is considered. However adding CMB and high
redshift BAO measurements makes the constraints on
value of Ωm slightly smaller. While the tension in esti-
mated value of the Hubble constant is relieved in PEDE
model, some tension in estimated value of the matter
density persist (though substantially reduced in com-
parison with the case of ΛCDM model).
The parameter constraints for ΛCDM model, w0-wa
parameterization and PEDE model are summarized in
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Figure 2. 2-D regions and 1-D marginalized distributions with 1σ and 2σ contours for ΛCDM model from different obser-
vations. From left to right, we use No H0 prior, 2σ hard cut H0 prior and 1σ hard cut H0 prior from Riess et al. (2019),
respectively. The black curves/contours denote for the constraints from Pantheon+BAO and the blue ones are derived with
Pantheon+BAO+Lyα+CMB data combination.
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Figure 3. 2-D regions and 1-D marginalized distributions with 1σ and 2σ contours for PEDE model from different obser-
vations. From left to right, we use No H0 prior, 2σ hard cut H0 prior and 1σ hard cut H0 prior from Riess et al. (2019),
respectively. The black curves/contours denote for the constraints from Pantheon+BAO and the blue ones are derived with
Pantheon+BAO+Lyα+CMB data combination.
Table 1, in which we also show the best fit χ2 and DIC
values for each model from different data combinations.
The χ2 distributions for the converged MCMC chains
for ΛCDM model, w0-wa parameterization and PEDE
model from lower redshift observations (left) and com-
bined observations (right) are shown in Fig. 4. Upper
plots are based on hard cut 2σ H0 prior and lower plots
are with hard cut 1σ H0 prior. From Table 1 and Fig. 4
we can see that, PEDE model provides with substan-
tially better χ2bf with respect to ΛCDM model consider-
ing 2σ H0 prior, with ∆χ
2
bf = −4.72 for lower redshift
observations and ∆χ2bf = −41.08 for the combined ob-
servations. When calculating DIC for different models,
we find ∆ DIC = −5.55 and ∆ DIC = −35.38 with
respect to ΛCDM model for lower redshifts and com-
bined observations, respectively. DIC for PEDE model
is very much comparable with w0-wa parameterization
when setting 2σ H0 prior.
As can be seen from Table 1 and lower plots in Fig. 4,
with 1σ hard cut H0 prior, the χ
2
bf of PEDE model
becomes much lower than that of ΛCDM model, with
∆χ2bf = −10.21 for lower redshift observations and
∆χ2bf = −88.58 for combined observations. This is
comparable to w0-wa parameterization model, which
has 2 more degree of freedom. When calculating DIC
values, PEDE model gives best results among the three
models we considered, with ∆ DIC = −94.13 with re-
spect to ΛCDM model and ∆ DIC = −27.56 with re-
spect to w0-wa parameterization for combined observa-
tions. Lower plots in Fig. 4 clearly shows how the pro-
posed PEDE model outperforms ΛCDM model if we set
hard cut H0 priors and effectively ruling it out with high
statistical significance where the tail of χ2 distribution
for this model has no overlap with the same distribu-
tion for the case of ΛCDM model. We should note that
the considered 2σ and 1σ hard cut priors for the Hub-
5Table 1. Constraints on the parameters, χ2bf and the DIC for ΛCDM model, CPL parameterization and PEDE model are
presented. Note that with hard cut H0 priors, the PEDE model is clearly outperforming ΛCDM model. With 1σ hard cut H0
prior, the PEDE model is performing even better than CPL parametrisation.
Model
Data Pantheon+BAO Pantheon+BAO+Lyα+CMB
Parameters No H0 Prior 2σ H0 Prior 1σ H0 Prior No H0 Prior 2σ H0 Prior 1σ H0 Prior
ΛCDM
Ωm 0.299
+0.047
−0.043 0.335
+0.040
−0.036 0.347
+0.041
−0.036 0.311
+0.016
−0.014 0.271
+0.002
−0.003 0.256
+0.002
−0.002
H0 66.94
+3.721
−3.256 71.19
+1.890
0.0 72.61
+1.617
−0.000 67.91
+1.074
−1.150 71.19
+0.271
−0.000 72.61
+0.200
−0.000
χ2bf 1046.94 1054.76 1060.25 1056.12 1112.28 1168.98
DIC 1051.00 1058.88 1064.27 1062.35 1127.03 1195.07
CPL
Ωm 0.285
+0.113
−0.180 0.332
+0.071
−0.050 0.350
+0.050
−0.043 0.307
+0.026
−0.021 0.286
+0.007
−0.011 0.274
+0.006
−0.009
H0 64.84
+14.49
−16.12 71.30
+5.561
−0.117 72.70
+2.746
−0.091 68.49
+2.302
−2.680 71.19
+1.277
−0.002 72.61
+0.918
−0.004
w0 −0.82+0.193−0.541 −1.08+0.422−0.347 −1.05+0.350−0.347 −0.98+0.267−0.218 −1.07+0.259−0.240 −1.13+0.274−0.206
wa 0.675
+0.547
−3.103 −0.11+1.510−3.192 −0.46+1.830−2.686 −0.16+0.816−1.109 −0.20+0.986−1.240 −0.11+0.728−1.321
χ2bf 1044.98 1048.84 1049.66 1055.52 1066.85 1080.83
DIC 1052.59 1054.46 1056.23 1065.48 1085.06 1128.50
PEDE
Ωm 0.341
+0.045
−0.041 0.341
+0.041
−0.037 0.341
+0.041
−0.030 0.291
+0.015
−0.016 0.289
+0.002
−0.014 0.274
+0.002
−0.006
H0 72.84
+3.814
−3.530 73.01
+3.371
−1.8231 72.79
+2.652
−0.186 71.02
+1.452
−1.368 71.19
+1.306
−0.001 72.61
+0.651
−0.000
χ2bf 1050.04 1050.04 1050.04 1071.12 1071.20 1080.40
DIC 1052.01 1053.33 1052.98 1091.15 1091.65 1100.94
ble constant that effectively affects the assumed models
from the lower bound, associate to 97.72% and 84.13%
probabilities respectively. In other words there is 97.72%
chance that our results for 2σ H0 prior holds with fu-
ture observations (with higher precision) and there is
84.13% chance that our results with 1σ H0 prior holds
with future high precesion observations.
5. CONCLUSION
We propose a simple phenomenologically emergent
model of dark energy that has zero degree of freedom
similar to the case of cosmological constant. The pro-
posed functional form based on a hyperbolic tangent
function has a symmetrical behavior in dark energy den-
sity as a function of the scale factor in logarithmic scales.
The argument behind having the pivot of symmetry at
current time can be associated with the fact that dark
energy and matter densities are comparable at the cur-
rent time. This model can be trivially modified to set
the pivot of symmetry at the scale of dark energy-dark
matter density equality which would be at z ≈ 0.3. In
our proposed model namely PEDE, dark energy has no
effective presence in the past and its density increases
to double of its current value in the far future. Theoret-
ically this will be associated with a dark energy compo-
nent with w = − 23ln 10 − 1 in the past that will evolve
to w = −1 in the far future.
Setting hard cut 2σ and 1σ priors on Hubble con-
stant from local measurements, associated with 97.72%
and 84.13% probabilities respectively, and using most
recent cosmological observations from low and high red-
shift universe, our proposed model surpasses cosmolog-
ical constant with large margins. Assuming reliability
of the Hubble constant measurement and no substantial
systematic in either of the data we used, with 2σ and 1σ
hard cut priors of H0 our proposed PEDE model rules
out cosmological constant with large statistical signifi-
cance with ∆ DIC = −35.38 and ∆ DIC = −94.13 re-
spectively. It is indeed interesting that with 1σ hard cut
prior on H0, this model can even outperform the widely
used w0-wa parametric form with ∆ DIC = −27.56.
This can be a game changer as our proposed model can
establish itself as an strong alternative and favorite to
the cosmological constant in the current standard model
of cosmology.
With no information on the Hubble constant, the con-
cordance ΛCDM model seems yet to be the most favorite
model. So all our results and the conclusion on ruling
out Λ is solely and directly associated to the reliability
of the Hubble constant measurement.
While our proposed model can significantly reduce the
tensions in estimation of the cosmological parameters
using low and high redshift data, some level of tension
remains and in particular in estimation of the matter
density. This is yet the matter of discussion and requires
further studies to see what can be the origin of this dis-
crepancy that persist by any model assumption. Some
more detailed studies are required to confront our pro-
posed model to different cosmological observations that
can have some traces of ΛCDM assumptions in their
pipelines. It is however evident that making more ap-
propriate treatment of different data for our proposed
61040 1045 1050 1055 1060 1065 1070 1075 1080
χ2
0.0
0.1
0.2
0.3
0.4
0.5
0.6
P
ro
b
a
b
lit
y
Pantheon+BAO
ΛCDM
CPL
PEDE
1040 1060 1080 1100 1120 1140 1160 1180 1200
χ2
0.00
0.05
0.10
0.15
0.20
P
ro
b
a
b
lit
y
Pantheon+BAO+Lyα+CMB
ΛCDM
CPL
PEDE
1040 1045 1050 1055 1060 1065 1070 1075 1080
χ2
0.0
0.1
0.2
0.3
0.4
0.5
0.6
P
ro
b
a
b
lit
y
Pantheon+BAO
ΛCDM
CPL
PEDE
1040 1060 1080 1100 1120 1140 1160 1180 1200
χ2
0.00
0.05
0.10
0.15
0.20
P
ro
b
a
b
lit
y
Pantheon+BAO+Lyα+CMB
ΛCDM
CPL
PEDE
Figure 4. The histograms of χ2 distribution from the converged MCMC chains for ΛCDM model, CPL and PEDE are
presented. The left plots shows the χ2 distribution for the Pantheon+BAO combination and the right plots are obtained with
Pantheon+BAO+Lyα+CMB combination. Upper plots are derived with setting 2σ H0 hard cut prior and lower plots are
derived with setting 1σ hard cut H0 prior. Combining all the data, there is hardly an overlap between the χ
2 distribution of
the PEDE model and ΛCDM model that explains the huge difference we derived for their DIC.
model can only make this model to perform better with
respect to ΛCDM model.
In our efforts to understand the Universe, we are
bound to our knowledge and we can only effectively un-
derstand its behavior. Assuming that current cosmolog-
ical data are all viable, our proposed model is shown to
be a better representative for the effective behavior of
dark energy in comparison with the cosmological con-
stant. This work can guide theoretical studies for better
understanding of dark energy and our Universe in gen-
eral.
We should note that at the latest stages of this work,
we became aware of Keeley et al. (2019) which discussed
a similar behavior of dark energy, but with employing a
parametric form that has few degrees of freedom similar
to what has been introduced earlier in Bassett et al.
(2002); Shafieloo et al. (2009). The simplicity of our
phenomenological model with zero degree of freedom for
dark energy sector and its great performance is the core
of our analysis which allow us to rule out cosmological
constant with large statistical significance when we set
hard priors on the Hubble constant.
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